ABSTRACT
The brush-border membrane (BBM) of enterocytes is responsible for the digestion and absorption of nutrients and ions in the small intestine. To identify the BBM proteins involved in epithelial cell maturation along the crypt-villus axis, enterocytes were sequentially isolated from the villus tip to the crypt of the jejunum from 21-day-old suckling piglets. After preparation of BBM vesicles, we detected 194 proteins in the jejunal epithelial cells by isobaric tags using relative and absolute quantification (iTRAQ) techniques. Of these, 56 BBM proteins were differentially expressed along the crypt-villus axis. During differentiation, the expression of proteins related to digestion and absorption of nutrients was primarily downregulated at the upper, middle villus, or crypt compared to the villus tip, while expression of proteins related to structural and enzyme regulator proteins was largely upregulated. We verified the differences in Na + /K + -transporting ATPase, galectin-3, and an intestinal-type fatty acid binding protein by western blot or immunochemical analysis. Identification of BBM-associated proteins helps enhance our understanding of digestion and absorption in piglets and other mammals, including humans.
INTRODUCTION
The postnatal development of the gastrointestinal system is a very dynamic process, and gastrointestinal
Sequential isolation of epithelial cells along the crypt-villus axis
Eight 21-day-old suckling piglets (Duroc × Landrace × Yorkshire) were sacrificed by CO 2 asphyxiation (8) , and jejunal segments were collected for isolation of epithelial cells and immunohistochemical analyses (9) . The sequential isolation of pig small intestinal epithelial cells along the crypt-villus axis was based on the method of Fan et al. (6) . Briefly, the divided mid-jejunum segments were rinsed thoroughly with icecold physiological saline solution and incubated at 37 °C for 30 min with oxygenated PBS. The fluid contents of the intestinal segments were drained and discarded. The jejunum segments were then filled with 15-30 mL isolation buffer (5 mM Na 2 EDTA, 10 mM HEPES pH 7.4., 0.5. mM DTT, 0.2.5% BSA, 2.5. mM D-glucose, 2.5. mM L-glutamine, 0.5. mM dl-β-hydroxybutyrate sodium salt, oxygenated with an O 2 /CO 2 mixture (19:1, v/v)) and incubated for 20 or 30 min in a shaking water bath incubator at 37 °C. After incubation, the contents of the segment, which included buffer and isolated cells, were transferred to a 250-mL conical centrifuge bottle. This procedure was repeated six times to yield six "cell fractions" (F1 to F6). Each of the first two cell fractions (F1 to F2) was collected sequentially after a separate 20-min period of incubation, the second two cell fractions (F3 to F4) was collected sequentially after a separate 25-min period of incubation, and the last two fractions (F5 to F6) was collected sequentially after a separate 30-min period of incubation. The cell fractions were washed twice as follows: each cell fraction was centrifuged at 400 × g for 4 min at 4 °C, the supernatant was discarded, and the cell pellet was dispersed in 15-30 mL of oxygenated cell resuspension buffer (10 mM HEPES, 1.5. mM CaCl 2 , 2.0. mM MgCl 2 , pH 7.4.). The cells were immediately frozen at -80 °C for enzyme marker assays and BBM preparation.
The experimental design and procedures used in this study were carried out in accordance with the Chinese Guidelines for Animal Welfare and Experimental Protocols, and approved by the Animal Care and Use Committee of the Institute of Subtropical Agriculture at the Chinese Academy of Sciences (10).
Preparation of BBM vesicles
Brush-border membrane vesicles were prepared by Mg 2+ precipitation and differential precipitation, as described previously (7, 11) . The cell fractions collected from eight piglets with a normal birth weight were resuspended in ice-cold homogenate buffer (100 mM mannitol, 2 mM Tris-HEPES, pH 7.4., 0.1. mM phenylmethylsulfonyl fluoride (PMSF)) and homogenized with a Tissue Tearor (T8 Ultra-Turrax, IKA®-Werke GmbH & Co. KG, Germany). The resulting homogenate was centrifuged at 2,000 × g for 15 min. The supernatant fluid was removed and a solution of 200 mM MgCl 2 was added to the remaining supernatant to a final concentration of 10 mM, followed by gentle mixing for 15 min. The suspension was centrifuged again at 2,400 × g for 15 min. The supernatant fluid was obtained and centrifuged at 30,000 × g for 30 min. The resultant pellet was resuspended in buffer (100 mM mannitol, 2 mM Tris-HEPES pH 7.4., 1 mM MgSO4, and 0.1. mM PMSF), homogenized for 1 min, and centrifuged at 2,400 × g for 15 min. The supernatant fluid was then centrifuged at 39,000 × g for 30 min, and the resulting pellet was stored at -80 °C until further use (12).
Sample preparation and isobaric labeling
The BBM was incubated in lysis buffer (6 M urea, 5 mM EDTA, 0.1.% SDS, 0. 
Peptide fractionation and LC-MS/MS acquisition
The isotopically labeled samples were pooled and fractionated by strong cation exchange chromatography on an LC-20AD HPLC system (Shimadzu Scientific Instruments, Kyoto, Japan), using a polysulfoethyl A column (2.1. × 100 mm, 5 μm, 300 Å; The Nest Group Inc., Southborough, MA, USA), as previously described (13) . The eluted fractions were desalted using a Sep-Pak C18 Cartridge (Waters, Milford, MA, USA) and diluted with the loading buffer (10 mM KH 2 PO 4 in 25% acetonitrile, pH 2.8.). Buffer A was identical, in composition, to the loading buffer, and buffer B was buffer A with 350 mM KCl. Separation of proteins was performed using a linear binary gradient of 0-80% buffer B in buffer A at a flow rate of 200 μL/min for 60 min. The absorbance at 214 nm and 280 nm was monitored, and a total of 30 fractions were collected along the gradient.
Each elution fraction from the polysulfoethyl A column was dried down, dissolved in buffer C (5% acetonitrile, 0.1.% formic acid), and analyzed on QStar XL (Applied Biosystems), as previously described (13) . Briefly, peptides were separated on a reversed-phase (RP) column (ZORBAX 300SB-C18 column, 5 μm, 300 Å, 0.1. × 15 mm; Waters) using an LC-20AD HPLC system (Shimadzu Scientific Instruments). The HPLC gradient was 5-35% buffer D (95% acetonitrile, 0.1.% formic acid) in buffer C at a flow rate of 0.2. μL/min for 65 min. Survey scans were acquired from m/z 400-1800 with up to four precursors selected for MS/MS from m/z 100-2000 using a dynamic exclusion of 30s. The iTRAQ labeled peptides fragmented under collision-induced dissociation conditions to give reporter ions at m/z 117.1., 118.1., 119.1., and 121.1. The ratios of the peak areas of the iTRAQ reporter ions reflect the relative abundances of the peptides and, consequently, the proteins in the samples. Larger, sequence-information-rich fragment ions were also produced under these MS/MS conditions, providing the identity of the protein from which the peptide originated.
Data analysis and quantification
Database searches to identify the peptides were performed with ProteinPilot™ 3.0. software (Software rev. 114732; Applied Biosystems), using the Paragon and ProGroup algorithms against the NCBI non-redundant database, which contained information on mammalian proteins (31786 sequences). The precursor tolerance was set to 0.2. Da, and the iTRAQ fragment tolerance was set to 0.2. Da. The search parameters were: i) enzyme cleavage by trypsin with one missed cleavage allowed and ii) the fixed modifications of MMTS were set as Cys. An automatic decoy database search strategy was employed to estimate the false discovery rate (FDR). The FDR for the protein identification was calculated by searching against a concatenated reversed database. In the final search results, the FDR was less than 1.5.%. The protein confidence threshold cutoff was 1.3. (Unused ProtScore) from at least two peptides with 95% confidence. For protein identification, the filters were set as follows: significance threshold P ≤ 0.0.5 (with 95% confidence) and ion score or expected cutoff ≤0.0.5 (with 95% confidence).
Enzyme activity and western blot analysis
The activities of alkaline phosphatase were determined using an enzyme assay kit, according to the manufacturer's protocol (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Western blot analysis was performed as described by Xiong et al. (14) . Ice-cold RIPA lysis buffer (Biyuntian Biotech Co., Ltd., Shanghai, China) containing 0.1. mM PMSF was used to extract total protein from the intestinal epithelial cells. The samples were then centrifuged, and the protein concentration in the resulting supernatant fluid was determined before western blot detection of target proteins. The following primary antibodies were used: anti-PCNA, anti-β-actin, and anti-Na 
Immunohistochemistry localization
Jejunal segments from 21-day-old suckling piglets were fixed overnight in 10% neutral buffered formalin and embedded in paraffin. After dewaxing and hydration, 5-μm sections were pretreated with 3% H 2 O 2 for 10 min at room temperature, and antigen retrieval was achieved by boiling in 1% citrate at pH 6.0. for 30 min. The sections were blocked with 5% BSA in PBS and incubated with primary antibodies: antigalectin-3 (1:50 dilution, goat polyclonal, sc-19283, Santa Cruz Biotechnology) and anti-FABP (1:50 dilution, goat polyclonal, sc-16063, Santa Cruz Biotechnology) overnight at 4 °C. After washing with 0.1. M PBST (pH 7.4.) (5 min, 3 washes), antibodies were detected using the Polink-2 Plus Polymer HRP detection system for a goat primary antibody (PV-9003, ZSGB-Bio, Beijing, China) according to the manufacturer's instructions. The reaction was visualized with a 3-3'-diaminobenzidine tetrahydrochloride (DAB) kit (ZLI-9017, ZSGB-Bio). Then, the sections were counterstained with Harris hematoxylin and washed sequentially with 1% hydrochloric acid (prepared with 75% ethanol) and water. After dehydration © 1996-2016 in graded alcohols and clearing with dimethylbenzene, the slides were mounted with neutral gum and examined using the Image-Pro Plus analytical imaging system (Media Cybernetics, Bethesda, MD, USA).
Statistical analysis
The data on PCNA expression and enzyme activities were analyzed using the t-test in SAS (Version 9.2.; SAS Inst. Inc., Cary, NC, USA). Values are presented as means ± SEM, and probability values < 0.0.5 were taken to indicate statistical significance.
RESULTS

Validation of fractionation procedure
We isolated six cell fractions of smallintestinal epithelial cells from young pigs and validated the efficiency of fractionation by measuring alkaline phosphatase and PCNA, indicators of intestinal cell differentiation and DNA synthesis (Figure 1 ). The highest activity of alkaline phosphatase was observed in fraction 1 (villus tip), whereas PCNA expression was maximal in fraction 6 (crypt region). These findings demonstrate an efficient fractionation of differentiated villus cells and proliferating crypt cells from the piglet small intestine.
General profiles of brush-border membrane protein expressions along the crypt-villus axis
A total of 788 proteins were identified in the BBM preparations. Functional annotations of the proteins were performed using the Blast2GO® program against the non-redundant database for mammalian proteins. Of the identified proteins, 194 proteins were localized in BBM ( Table 3 ). The BBM proteins in the jejunum of 21-dayold suckling piglets were classified into 11 groups based on GO function (Figure 2 ), including enzymes (group 1); structural proteins (group 2); transporters (group 3); binding (group 4); electron carrier activity (group 5); auxiliary transport proteins (group 6); antioxidant reaction (group 7); regulator of metabolic pathways (group 8); transcriptional factors (group 9); chemoattractant response (group 10); and molecular transducers (group 11). The category representing the greatest fraction of BBM proteins was group 4 (46.5.%), comprising proteins involved in binding. Enzymes (group 1; 25.4.%), transporters (group 3; 8%), and regulators of metabolic pathways (group 8; 6%) comprised the next largest fractions. The enzymes and transporter protein were primarily down-regulated along the crypt-villus axis, while structural molecules and regulators of metabolic pathways were mainly upregulated.
Differentially expressed BBM proteins in the jejunum along the crypt-villus axis
Of the 194 identified BBM proteins, 55 (25.6.%) unique proteins were found to be differentially expressed (P-value < 0.0.5, >1.2.-fold < 0.8., n = 8) along the cryptvillus axis. A total of 30 proteins were down-regulated in the other three fractions of the BBM compared to the villus tip, including those with roles in nutrient digestion (7) as well as in nutrient uptake and ion transport (15) (Table 1) . Notably, the expression of chloride intracellular channel protein 5 isoform X2, keratin, type I cytoskeletal 9, PREDICTED: intestinal-type alkaline phosphatase-like isoform 2, and SLC25A5 protein were continuously down-regulated along the crypt-villus axis.
There were 26 BBM proteins in the other three fractions that exhibited higher abundances compared to the villus tip, which largely consisted of signaling proteins and receptors (Table 2) . Along the crypt-villus axis, the abundancec of brain-specific angiogenesis 
Validation of proteomic changes
Compared to the villus tip, the expression of Na + /K + -transporting ATPase in the upper and middle villus was downregulated in western blot analysis ( Figure 3a) . The staining patterns of anti-FABP showed higher expression in villus cells compared to the crypt region, which is consistent with the expression changes observed in the proteomic analysis ( Figure 3b ). In addition, analysis of the immunostaining patterns of galectin, revealed a higher level of its expression in the upper villus than in the villus tip (Figure 3c ).
DISCUSSION
The growth and ontogenetic development of the pig small intestine is a topologically and temporally organized process, which guides the formation of specialized intestinal epithelium that is defined by a set of genes expressed in different epithelial cells. The identification of proteins unique to the jejunal cryptvillus axis, including digestive enzymes and nutrient transporters, may help elucidate the underlying biological mechanisms responsible for mammalian intestinal differentiation and development. Previous investigations of the expression of genes or proteins in the differentiation process were generally carried out with mice or Caco-2 cell lines (human epithelial cells from colorectal adenocarcinoma) (5, (16) (17) (18) (19) , and few studies focused on the BBM proteome of enterocytes during maturation. The pig is a useful animal model for the study The fold change of F2, F4 or F6 means that the protein abundance of three fractions is compared to fraction 1 of enterocytes and the column "Pval" means the P value.
of human nutrition and medicine, because the porcine, rather than the rodent, gastrointestinal tract is much closer to humans. In the present study, we performed an iTRAQ proteome analysis to identify jejunal BBM proteins that exhibited differential expression during the maturation of enterocytes in 21-day-old suckling piglets. The table lists the mass spectrometry data used for quantitative comparison of proteins, including the number of peptides, the coverage of each protein assigned, species, the protein abundance at fraction 2,4,6 compared to fraction 1, the P value, etc.In the "peptides" column, the values represent the number of peptides with 95% confidence. In the "Cov%" column, the values represent the coverage (%) of each protein assigned by the peptides. The "fold change F2 ", "fold change F4 " and "fold change F6 " means that the protein abundance in franction 2, 4 and 6 is compared to that in fraction 1 of suckling piglets. In the "Pval" column, the values represent the probability values by statistical analysis and the probability values<0.0.5 were used to indicate statistical significance.In the "EF" column, the values represent the error value of quantitative peptides We found that digestive enzymes and transporters were predominantly down-regulated, and proteins related to signal transduction were upregulated along the cryptvillus axis.
Peptidases, enzymes present in the brushborder membrane and in the cytosol of enterocytes of the small intestine, are responsible for the hydrolysis of peptides into smaller peptides and amino acids. Three major oligopeptidases, including aminopeptidase N (APN), glutamyl aminopeptidase (aminopeptidase A, APA), and dipeptidyl peptidase 4 (DPP IV), were identified to be down-regulated in the crypt compartment from the BBM of the piglets. These oligopeptidases are involved in the final stage of protein digestion to generate free amino acids APA preferentially hydrolyses peptide bonds consisting of neutral and basic amino acids from the N-terminal end of oligopeptides (20) , participates in localized immune responses in antigen presentation (21) , and aids in the regulation of inflammatory responses (22) . Na + /K + -transporting ATPase (Na + /K + ATPase) and sucrase-isomaltase exhibited reduced expression in the crypt compartment. Similarly, Goda et al. (23) reported that the expression of sucrose-isomaltase was higher in the villus than in the crypt (23) . In neonatal pigs, Fan et al. (6) found that the activity of alkaline phosphatase, APN, Na + /K + ATPase, and sucrase activities increased along the crypt-villus axis in both the proximal and distal small intestine. Results of the present study supported the view that the ability of nutrient digestion is enhanced when enterocytes differentiate along the crypt-villus axis in the small intestine of 21-day-old suckling piglets.
The intestinal tissues are capable of oxidizing three substrates for energy, including amino acids, glucose, and fatty acids. The suckling period is characterized by the abundance of lipids in milk, and proteins involved in fatty acid absorption play a prominent role in intestinal development. Several proteins (longchain fatty acid transport protein 4, fatty acid binding protein 5 (FABP 5), intestinal fatty acid binding protein (I-FABP), and liver fatty acid binding protein (L-FABP)) with key roles in the absorption of fatty acids in the small intestine were identified in the present study.
Long-chain fatty acid transport protein 4, which had been suggested to play an important role in the uptake of long-chain fatty acids and to be the principal fatty acid transporter in enterocytes (24) , remained constant along the crypt-villus axis. Fatty acid-binding proteins (FABPs) contribute to the transfer of absorbed fatty acids to the endoplasmic reticulum, where re-synthesis of complex lipids takes place. The two major isoforms of FABP found in enterocytes, the intestinal-type (I-FABP) and the liver-type (L-FABP), are known to have different binding specificities. These isoforms exhibited dissimilar expression profiles along the crypt-villus axis in the piglets. L-FABP levels remained constant during enterocyte maturation in 21-day-old suckling piglets, whereas the expression of I-FABP increased in the crypt compartment. Previous studies showed that the metabolism of fatty acids in piglets was influenced by the presence of specific bacteria (25) . In addition, the nutrient composition of the milk itself may change during lactation (26) , which necessitates alterations in expression of digestive enzymes in the gastrointestinal tract.
In the present study, we identified four glucose transporters: sodium/glucose co-transporter 1, solute carrier family 2, facilitated glucose transporter member 2, and low affinity sodium-glucose co-transporter. The sodium/glucose co-transporter 1 was upregulated in the villus. Previous studies also have shown that the expression of glucose transporters (SGLT1 and GLUT5) and L-FABP is higher in the villus than the crypt (27) (28) (29) . However, Yang et al. (30) demonstrated that the expression of SGLT1 is similar along the jejunal crypt-villus axis in neonatal piglets (30) . This discrepancy may be due to the different growth stages. The findings of the present work suggest that the ability to absorb nutrients is altered when enterocytes differentiate along the crypt-villus axis in the small intestine of 21-day-old suckling piglets.
We identified 25 upregulated BBM proteins in the other three epithelial cell fractions compared to the villus tip, including the annexin family of Ca 2+ -regulated membrane binding proteins, transferrin receptor proteins, and ion channels. In mice, transferrin receptors are localized to the small-intestinal absorptive cells (31) . Annexin a2 and a7 are members of the annexin family of Ca 2+ -regulated membrane binding proteins, which link to actin remodeling processes in cells (32) and may participate in membrane fusion processes (33) . However, the expression profiles of these two proteins in piglet BBM were not consistent with those reported for Caco-2 cells (17) . Chloride intracellular channel 5 was expressed at the highest abundance in the upper villus and showed a continuous decrease in the other three epithelial cell fractions. This channel plays an important role in maintaining the balance of water and electrolytes, regulating cell volume, and controlling the membrane potential (34) .
The apical and basolateral membranes of enterocytes are separated by distinct, complex protein systems, including tight junctions, which regulate the paracellular permeability of intestinal epithelia. Cellcell interactions are likely to play a role in the stem cell niche (35) . Integrins are heterodimeric transmembrane glycoproteins composed of non-covalently linked alpha and beta subunits, which are endowned with both structural and regulatory functions. Our results revealed upregulation of integrin beta 1 in the middle villus and crypt regions, whereas the expression of integrin alpha 6 did not change in all the four fractions. Integrin alpha 6 is a subunit of two distinct glycoprotein complexes, where it combines with either integrin beta 1 or beta 4. As a result, the distribution of integrin alpha 6 corresponds more closely to that of integrin beta 4 than to the distribution of integrin beta 1 during intestinal development (36) . A previous study showed that integrin-mediated functional polarization of Caco-2 cells occurs through E-cadherin-actin complexes (37) , and the junctional adhesion molecule A (JAM-1) regulates epithelial cell morphology by affecting integrin beta-1 and Rap1 (38) . In contrast, our findings indicate that the expression of these two proteins did not change in any of epithelial cell fractions examined. This reflects a difference bewteen cultured cells and the small intestine in vivo.
The permeability barrier of the brush-border in the small intestine is also characterized by a high content of glycolipids. Galectins, a family of animal lectins with conserved carbohydrate-recognition domains that bind β-galactosides, can regulate cell-surface glycoprotein organization and signaling (39) . In present study, galectin-3 was upregulated in the upper villus of 21-dayold suckling piglets compared to the villus tip, while the expression of galectin-8 did not change. Loss of galectin-3 impairs membrane polarization of mouse enterocytes in vivo (40) . This epitomizes the physiological importance of adequate provision of dietary amino acids for protein synthesis in the gut (41,42).
SUMMARY
We identified 194 BBM proteins during intestinal cell maturation along the jejunal crypt-villus axis in 21-dayold suckling piglets, and discovered 56 differentially expressed BBM proteins. Further characterization of these proteins in the BBM along the crypt-villus axis may help improve our understanding of the functions of enterocytes and provide targets for the regulation of intestinal cell proliferation and differentiation.
